The murine homologue of the human motility-stimulating protein autotaxin (ATX) was identi®ed as a BMP2 upregulated gene by subtractive cloning from mesenchymal progenitors C3H10T1/2 (Ba Èchner, D., Ahrens, M., Betat, N., Schro Èder, D., Hoffmann, A., Lauber, J., Steinert, P., Flohe, L., Gross, G., 1998. Bmp-2 downstream targets in mesenchymal development identi®ed by subtractive cloning from recombinant mesenchymal progenitors (C3H10T1/2). Dev. Dyn. 213, 398±411). ATX mRNA transcription is induced during BMP2 mediated osteo-/chondrogenic differentiation in vitro several orders of magnitude. To delineate a potential role for ATX in osteo-/chondrogenic development, its expression pattern during murine embryogenesis was examined in comparison with Col1a1 and Col2a1, a marker either of osteoblast, odontoblast and tendon or of chondrocyte development, respectively. Localization of murine ATX was ®rst observed in the¯oor plate of the neural tube at day 9.5 of mouse embryonic development. Later, enhanced ATX expression levels were observed in proliferating subepithelial mesenchyme, during osteo-/chondrogenic and tooth development, in choroid plexus epithelium, in late kidney development, and in smooth muscles of the ductus deferens and the bladder. q
Results
Autotaxin (ATX) is a 125 kDa membrane-standing glycoprotein with a small cytoplasmatic and a large extracellular domain capable of pertussis-toxin sensitive tumor-motility stimulation, ®rst identi®ed in rats as a brain speci®c member of the phosphodiesterase I gene family. ATX has been proposed to play a signi®cant role in initiating and sustaining tumor motility as a component of the metastatic cascade (Stracke et al., 1992; Murata et al., 1994; Narita et al., 1994; Kawagoe et al., 1995; MacDonald et al., 1996; Clair et al., 1997; Fuss et al., 1997 . Northern analysis to multiple human tissues showed highest expression in placenta, small intestines and brain. In adult rat brain ATX was shown to be expressed in choroid plexus epithelium, ciliary epithelium and in iris and retinal pigment cells (Narita et al., 1994; Lee et al., 1996) .
ATX was identi®ed as a partial cDNA clone by subtractive cloning of BMP2 regulated genes in mesenchymal progenitors C3H10T1/2 undergoing osteogenic and chondrogenic development. During BMP2-mediated osteo-/ chondrogenic differentiation in vitro, ATX is induced several orders of magnitude (Ba Èchner et al., 1998) . Therefore, we investigated the expression of ATX during murine embryonic and postnatal development also in comparison with Col1a1 and Col2a1, markers of osteoblast, odontoblast and tendon development or of chondrocyte development, respectively. For histological analysis, whole-mount and radioactive RNA in situ hybridization to embryos and whole-body sections of embryos of various ages (8.5±18.5 days post conception, dpc) and to tissue sections of newborn, 3 weeks old and adult mice were performed.
In the early mouse embryo, expression of ATX was not detectable before 8.5 dpc. At this stage ATX expression started in the¯oor plate of the neural tube. High expression of ATX in the¯oor plate is then observed at 9.5 dpc (Fig.  1a,b) . Expression is also evident in mesenchymal cells of the branchial arches and nasal process forming a gradient with highest level of expression in subepithelial mesenchymal cells of the nasal process and mandibular arch (Fig. 2a) . At 12.5 dpc expression remains high in the¯oor plate (Fig.  1c) and subepithelial mesenchymal cells of the nasal process and mandibular arch (Figs. 1c and 2b) . Expression is further visible in subepithelial mesenchymal cells lining the embryo. In midgestation development (14.5 dpc) expression remains high in the¯oor plate (arrow in Fig. 1e ) and in subepithelial mesenchyme lining the whole embryo, especially at the eye lids, the tongue, the vibrissae, at distinct regions of the limb buds (arrowheads in Fig. 2i,k) , at the palatal shelves and jars (Figs. 1d, e and 2d) . In addition expression is enhanced in the choroid plexus epithelia (arrowheads in Figs. 1e and 2e) and skeletal elements, for example, cranial bones, scapula, ribs, and within the limbs (Figs. 1e and 2i±k). In late embryogenesis (16.5±18.5 dpc) expression of ATX remains high in choroid plexus epithelia (arrowheads in Fig. 1h ), mesenchymal cells around the vibrissae, developing tooth buds and skeletal elements (Figs. 1h and 2n±s). Expression is in addition observed within the kidney, restricted to the Bowmann's capsules (Fig. 2f) . A lower level of expression is visible at the leptomeninges lining the brain and spinal cord (Fig. 1h) . In postnatal development high expression of ATX is restricted to choroid plexus epithelia. A lower level of expression is found in smooth muscle layers of the ductus deferens of the testis and vas deferens of the ovary (not shown).
Expression of ATX in skeletal elements was ®rst observed at 12.5 dpc expression in condensing mesenchymal cells forming the future ribs ( Fig. 2h) . At midgestation development (14.5 dpc) enhanced expression is visible in the primordia of the craniofacial bones (Fig. 1d ,e) coexpressed with Col2a1 ( Fig. 1g ) and in posterior and ventral subepithelial mesenchymal cells of the fore (arrowheads in Fig. 2i ) and hind limb buds (Fig. 1e) . In the limb bud, lower levels of expression are observed in subepithelial interdigital mesenchyme (not shown) and in condensing mesenchymal cells of the prospective limb bones, such as, e.g. the metatarsal bones (Fig. 2i) . ATX is coexpressed in mesenchymal cells with Col1a1 (arrows in Fig. 2k ,i) but not with Col2a1 ( Fig. 2m ) which is in contrast to the expression pattern in craniofacial bone development, where ATX is coexpressed with Col2a1 (Fig. 1e,g ). Late in embryogenesis (16.5±18.5 dpc) ATX remains highly expressed in developing skeletal elements, e.g. os pubis (Fig. 2g) , cranial bones, ribs, sternal manubrium and xiphoid process, in the calcaneum and metatarsales of the hind limb and in developing tendons (Fig. 2n) . Within the limbs ATX expression gets predominantly restricted to sites of ongoing joint formation (Fig. 2n,o) , to the perichondrium and the outer connective tissue sheet (Fig. 2p) . In the nasal bone primordia and ribs, especially the sternal manubrium and xiphoid process, ATX is coexpressed with Col2a1 (arrow in Fig. 1h,i) , but other bone primordia, for example the vertebrae, which express also high levels of Col2a1, do not coexpress ATX. In adult bone no signi®cant level of ATX expression was detected (not shown).
During tooth formation expression of ATX is ®rst visible in mesenchymal cells surrounding the dental papillae at 14.5 dpc (Fig. 2q) . Then ATX expression gets restricted to the inner enamel epithelium (not shown). In late tooth development (18.5 dpc) high expression is restricted to the inner enamel epithelium and to distinct mesenchymal cells adjacent to the dental papillae (Fig. 2r) and is never coexpressed with Col1a1 (Fig. 2s) . The expression pattern of ATX is summarized in Table 1 . in mouse development, as analyzed by whole-mount in situ hybridization to 10.5 dpc embryos (a,b) or radioactive in situ hybridizations to a midsagittal section of 12.5 dpc embryo, serial frontal sections of 14.5 dpc embryos and serial parasagittal sections of 16.5 dpc embryos (h±k). High expression of ATX within¯oor plate cells at 10.5 days of development is marked by arrows in (a,b). At 12.5 dpc high expression is visible in thē oor plate and subepithelial cells at the upper nasal process (arrow in c). In midgestation development expression is visible in choroid plexus epithelia (arrowheads in e), in the nasal septum coexpressed with Col2a1 (d,e,g), in subepithelial mesenchyme lining the whole embryo and in the¯oor plate (arrow in e). At 16.5 dpc high expression is evident at the choroid plexus epithelia of the lateral and IV ventricles (arrowheads in h), in the primordia of the craniofacial bones especially around the nasal cavity, the ribs, sternal manubrium and xiphoid process (arrow in h), coexpressed with Col2a1 (arrow in k). da, dorsal aorta; b, fore limb bud; fp,¯oor plate; hlb, hind limb bud; lb, limb bud; li, liver; my, myelencephalon; nc, nasal cavity; ns, nasal septum; rb, ribs; sc, spinal cord; te, telencephalon; to, tongue. Scale bars, (a,c±k) 1 mm; (b) 100 mm. 
Methods

RNA-in situ-hybridization
Embryos were isolated from pregnant NMRI mice at the developmental stages indicated in the text. The day of plug detection was considered to be day 0.5 post conceptionem (dpc). Embryos at 9.5, 10.5, 12.5, 14.5, 16.5 and 18.5 dpc, newborns, 2-and 6-week-old and adult mice have been examined. The embryos and tissue samples from adult animals were ®xed overnight with 4% paraformaldehyde in PBS at 48C. Whole-mount and radioactive RNA in situ hybridization were performed following standard protocols as described (Ba Èchner et al., 1993; Rosen and Beddington, 1993) . For hybridization a 300 bp murine ATX cDNA was used in vector pMT7T3 (Ahrens et al., 1993) which allowed the generation of antisense and sense RNA probes RNA by in vitro transcription using a linearized vector and the T3 or T7-RNA-polymerase, respectively. For the generation of Col1a1 or Col2a1 the same vector was used harboring speci®c probes (Metsa Èranta et al., 1991) . No speci®c signals were obtained using sense control probes or after RNase digestion of tissue sections (not shown). Fig. 2 . Detailed analysis of ATX expression during mouse development. Expression of ATX (a±k,n±r), Col1a1 (l,s), and Col2a1 (m), during mouse development from 10.5 dpc (a), 12.5 dpc (b,h), 14.5 dpc (c±e, i±m), 16.5 dpc (n,o,q), to 18.5 dpc (f,g,p,r,s), as analyzed by radioactive in situ hybridization with antisense riboprobes. (a) Transverse section of a 10.5 dpc embryo within the decidua at the level of the nasal process and mandibular arch. Expression of ATX is enhanced in subepithelial mesenchyme of the nasal plate and mandibula. (b) Magni®cation of a parasagittal section of a 12.5 dpc embryo showing the nasal pit. Expression is enhanced in subepithelial mesenchyme of the medial and lower nasal process. At 14.5 dpc expression is visible in mesenchymal cells surrounding the vibrissae (c) and in choroid plexus epithelial cells (e), as analyzed with sagittal sections. (d) Frontal section of a 14.5 dpc embryo at the level of the palatal shelf (cranial is to the left) highlighting the expression of ATX in subepithelial cells of the tongue and lower jar. In late development expression is in addition visible in the Bowmanns capsules of the kidney (f). ATX expression is also evident during bone formation, as shown for the ribs (h), os pubis (g), metacarpal primordium in fore limb bud (i). (k±m) Serial frontal sections of 14.5 dpc forelimb at the level of the metacarpales. ATX is coexpressed with Col1a1 (l) in the periostal sheet and forming tendons (arrow in k) but not with Col2a1 (m) in maturing cartilage of the metacarpals. Expression of ATX is in addition visible in subepithelial mesenchyme of the limbs (arrowheads in k). (n) Parasagittal section of a 16.5 dpc embryo highlighting the expression of ATX in the hind limb, restricted to the future joint regions. (o) Higher magni®cation of the section shown in (n) at the level of the metatarsale. Expression of ATX is restricted to mesenchymal cells forming the futur joint region. (p) Frontal section of a 18.5 dpc fore limb at the level of the metatarsales. High expression of ATX is visible in the connective tissue sheet and perichondreal layer. ATX is also expressed during tooth formation, ®rst evident in mesenchymal cells around the dental papilla, as shown in a sagittal section of a 16.5 dpc embryo at the level of the lower jar (q). (r) Upper jar tooth bud at 18.5 dpc development. ATX expression gets restricted to a small zone of cells lining the ameloblasts (arrowhead in r). No expression is visible at the stellate reticulum (arrow in r). A lower level of expression is in addition visible at mesenchymal cells adjacent to the dental papilla (r). In comparison Col1a1 expression is restricted to osteoblasts at the periphery of the dental papillae and to the alveolar bone (s). am, amnion; amb; ameloblasts; cal, calcaneus; cpe, choroid plexus epithelia; cts, connective tissue sheet; dep, dental papilla; end, endoderm; li, liver; loj, lower jar; lnp, lateral nasal process; lpb, lip furrow band; ma, mandibula; mac, maturing cartilage; mca, metacarpal bone; med, medulla; mes, mesenchyme; mnp, medial nasal process; mta, metatarsus; np, nasal process; osp, primordia of os pubis; ors, outer root sheet; pha, phalangeus; per, perichondrium; po, pons; rb, ribs; sk, skin; ta, tarsus; te, telencephalon; to, tongue; upj, upper jar. Scale bar, 100 mm.
